Abstract
The extracellular presence of endotoxin-free Heat Shock Protein 70 (HSP70) enhances the rate and capacity of macrophage-mediated phagocytosis at 6 times the basal rate. It is protein-specific, dose-and time-dependent and involves the internalization of inert microspheres, gram-positive and -negative bacteria and fungi. Structurally, exogenous HSP70 binds the macrophage plasma membrane, specifically on its lipid raftmicrodomain. Disruption of lipid rafts, HSP70-LR interaction or denaturing HSP70
abrogates the HSP-mediated increase in phagocytosis. Further, HSP70-mediated phagocytosis directly enhances the processing and presentation of internalized antigens via the endocytic MHC class-II pathway to CD4+ T lymphocytes. Modulating the HSP70-LR interaction presents an opportunity to intervene at the level of host-pathogen interface -a therapeutic tool for emerging infections, especially where conventional treatment with antibiotics is ineffective (antibiotic resistance) or unavailable (rapidly spreading, endemic). These results identify a new role for HSP70, a highly conserved molecule in stimulating phagocytosis -a primordial macrophage function thereby influencing both innate and adaptive immune responses.
Introduction
Phagocytosis is a primal protective cellular function that characterizes the innate immune response to microbial invasion [1] [2] [3] [4] . It is a complex phenomenon implicating several components of the plasma membrane including pattern recognition receptors (PPRs), cytoskeletal elements and lipid rafts (LRs) 5 . Antigen presenting cells (APCs) act as sentinels of the host that initiate and execute the phagocytic response 2, [6] [7] [8] [9] . These cells are activated in response to certain well defined substances that provide stimulatory signals that characterize injury or infection. Typically these APCs, including macrophages respond either to the presence of pathogens via PRRs or to metabolic, physical or chemical stress, trauma, or other agents that mediate necrotic cell lysis and death.
Cell lysis releases a vast number of non-microbial, host-derived, intracellular molecules into the environment -some of which are potent activators of the immune system. Of these, Heat Shock Proteins (HSPs) are abundant intracellular moleculesreadily released by cell lysis following injury or infection [10] [11] [12] where they exhibit broad immunoactive properties 13 . As shown by Basu et al 10 , lysate from 1 gm of tissue was shown to contain 200μg of HSP70. Injury causing lysis of as little as 0.5gms of tissue could potentially release 100μg/ml concentration of HSP70 into the extracellular environment where they come into direct contact with cells of the immune system such as macrophages and dendritic cells. HSPs have been shown to play a major role in macrophage activation, preparing the host for defense 10, 14, 15 . Immunologically, HSPs bind several macrophage-surface receptors and upregulate key antigen-specific and nonspecific functions, including tumor rejection, cytokine release, and upregulation of coonly.
For personal use at PENN STATE UNIVERSITY on February 21, 2013 . bloodjournal.hematologylibrary.org From stimulatory molecules [16] [17] [18] [19] [20] [21] Heat Shock Proteins (HSPs). HSPs (HSP70, HSP90 and GP96) were purified from murine livers as described earlier 33, 34 . HSPs were prepared as a complex with endogenous peptide, except when using Adenosine TriPhosphate (ATP)-treated HSP70
that was utilized to assess the role of peptides in phagocytosis. ATP-treated HSP70 removes all the peptides associate with HSP70 itself whereas the purification of HSP70 using Adenosine DiPhosphate (ADP) does not 35 . Purity was established by SDS-Page electrophoresis and immunoblotting and HSPs were quantified using Bradford analysis. For Finally, macrophages treated with either ATP-purified HSP70 (ATP removes peptide from the HSP70) 35 or with ADP-purified HSP70 (peptides remain bound to the HSP70) demonstrated the same degree of HSP-mediated phagocytosis ( Figure 2F) indicating that the HSP70-mediated effect was independent of the presence of chaperoned peptides.
HSP70-mediated phagocytosis is not due to contamination by endotoxin.
HSP70 used in all assays was purified using LPS-free sterile packaged plastic ware, baked glass ware (420°F for 4 hours) and using endotoxin-free culture grade reagents to minimize inadvertent LPS contamination. Further, LPS levels and activity in the purified
HSPs were quantified and confirmed to be < 1 eu/mg of protein. Next, HSPs and LPS were compared for their influence on phagocytosis in presence or absence of serum.
These conditions were specifically chosen since LPS-binding protein (LBP), an essential mediator for LPS function, is not present in serum-free conditions 49 . As a control, macrophages were treated with LPS in presence or absence of serum and their ability to elicit TNF α release was compared ( Figure 3A) . Having established that serum-free conditions rendered LPS ineffective at stimulating macrophages, the same conditions (serum-free) was used to test the ability of HSP70 to stimulate macrophages. Briefly, macrophages were treated with HSP70 (100μg /ml) or LPS (different doses ranging 25ng-1μg/ml) in serum-free conditions for 1 hour and a phagocytosis assay was performed. HSP70 was able to enhance phagocytosis equally whether in the presence or only.
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Lastly, since heat denatures HSPs but not LPS, HSP70 preparations were heated at 100°C for 20 minutes and tested for phagocytosis. Heat-denatured HSP70 samples lost the ability to enhance phagocytosis as compared to intact HSPs ( Figure 3B ), indicating that the HSP70-mediated phagocytosis was due to intact HSP70 alone and not due to any contaminating LPS. Taken together, these measures indicate that contaminating LPS (if any) is not responsible for HSP-mediated phagocytosis.
Exogenous HSP70 binds the lipid raft microdomain of the macrophage plasma membrane. Briefly, RAW264.7 macrophages were administered exogenous HRP-labeled HSP70 (100μg/ml) or were left untreated for 60 minutes and washed with PBS three times to remove free HSPs. Subsequently, they were lysed in MES buffer and processed for purification of lipid rafts (see Methods). One of two different types of detergents was used: Brij98 or Triton X-100 to fractionate the material to isolate detergent resistant fraction called detergent resistant membranes (DRMs). This fraction was further purified into light and heavy components using a sucrose gradient. These fractions obtained (light: LR and heavy: non-LR) were then analyzed using immunoblotting to detect HRP activity of HSP70-HRP complexes or tested for the presence of an LR-associated ganglioside GM1 by using HRP-cholera toxin B. Similarly, these fractions were tested for the amount of cholesterol using (Biovision Research Products, CA). LR fractions were purified from HSP70-treated macrophages using Brij98 only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From ( Figure 4A ) OR Triton X ( Figure 4B ) methods showed that both, exogenously administered HSP70 and GM1, co-localized on the LR-microdomain of the macrophage plasma membrane binding ( Figure 4A ). Similarly cholesterol levels of the fractions that bound exogenous HSP70 were higher. Collectively, these results indicated that HSP70 bound to the same fractions that were enriched in LR-associated molecules including GM1 and cholesterol and co-purified with the LR-microdomains as purified by using two separate detergents.
Further, macrophages were treated exogenous HRP-labeled HSP70 (100μg/ml) in presence of methyl-ß-cyclodextrin (MCD) (30μM), which is known to disrupt the LRintegrity 27 . Subsequently macrophages were processed for purification of LRs by using Triton X-100. As shown in Figure 4B , there was a significant reduction in the binding of exogenously administered HSP70 when macrophages were treated with MCD. Similar reduction in the presence of GM1 and cholesterol further supported the evidence that this reduction in HSP70-binding was due to the disruption of the LR. In order to ensure that the viability of cells was not affected by treatment with MCD we performed a trypan blue exclusion that revealed a 95% viability in both MCD-treated or untreated cells.
Next, macrophages were treated with either medium alone, HSP70 or Fetal Calf Serum (FCS) in presence of either nystatin or methyl-ß-cyclodextrin (MCD) (30μM) (both agents are known to disrupt the LR integrity 27 (see Figure 4B ). Subsequently the cells were administered Alexafluor labeled yeast (40 particles/macrophage) and amount of yeast internalized was quantified as described in Methods. As a control macrophages treated with serum were also included in the assay to test the effects the LR-disrupting drugs on FcRγ−mediated antigen uptake. As shown in Figure 4C , HSP70-mediated only.
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Further, macrophages were treated with HSP70 (100μg/ml) in presence of varying doses of MCD (ranging from 0 -30mM). As seen in Figure 4D , the inhibitory effect that MCD has on the macrophage response to HSP70 is titratable depending upon the dose of MCD used. These results provide evidence that HSP70, a phylogenetically conserved molecule plays an important role in the innate host response to pathogens.
Physiologically, necrotic cell lysis from injury or infection, is known to release HSPs into the extracellular compartment where they activate APC-mediated defenses 10 . It has been
shown that the local concentration of HSP70 is in the range of 200μg/gm of tissue only.
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